Background: Tra1 is an essential 437-kDa component of the Saccharomyces cerevisiae SAGA/SLIK and NuA4 histone acetyltransferase complexes. It is a member of a group of key signaling molecules that share a carboxyl-terminal domain related to phosphatidylinositol-3-kinase but unlike many family members, it lacks kinase activity. To identify genetic interactions for TRA1 and provide insight into its function we have performed a systematic genetic array analysis (SGA) on tra1 SRR3413 , an allele that is defective in transcriptional regulation.
Background
TRA1 is an essential gene in Saccharomyces cerevisiae that encodes a 437 kDa protein product. It is a member of a family of key signaling and regulatory molecules that contain a C-terminal phosphatidylinositol-3-kinase (PI3K) domain [1] and is a component of two multisubunit transcriptional regulatory complexes, the SAGA/SLIK and NuA4 complexes, which also contain the histone acetyltransferase enzymes, Gcn5 and Esa1, respectively [2] [3] [4] . Tra1 interacts directly with transcriptional activator proteins and is thought to be critical in recruitment of SAGA/ SLIK and NuA4 to their target promoters [5] [6] [7] [8] .
Previously we identified mutations in the C-terminal PI3K domain of Tra1 that showed defects in transcriptional activation, sensitivity to ethanol and the cell wall destabilizing agent calcofluor white and resulted in shortened telomeres [9] . The pattern of changes neither fully mimicked those seen upon disruption of other SAGA/SLIK nor NuA4 components. For example, unlike strains with deletions of NuA4 components, the tra1 mutant strains were relatively insensitive to DNA damaging agents. We performed an initial systematic genetic array (SGA) analysis with the most pronounced allele, tra1 SRR3413 . This analysis did not identify any synthetic lethal interactions but did reveal 23 synthetic slow growth interactions, many in combination with deletions of genes involved in cell membrane/wall processes. As the lack of synthetic lethal interactions may have arisen from an incomplete selection against diploids in the automated screens, we repeated the screen in a strain background that selects more strongly against diploids. This analysis identified 114 genes displaying synthetic sick/lethal (SSL) interactions with tra1 SRR3413 . Genes involved in transcription, RNA processing, mitochondrial function and membrane sorting/protein trafficking were prevalent. The phenotypes and genetic interactions of these strains also point to a role for Tra1 in the cellular response to stress. SRR3413 As a component of both SAGA and NuA4 complexes, Tra1 is positioned to play a major role in nuclear processes. Previously we performed an SGA analysis on Tra1 using an allele that partially impairs function [9] . No synthetic lethal interactions were obtained in this analysis. We thus chose to repeat the study using a strain that more strongly selects against the spurious appearance of diploids. tra1 SRR3413 was integrated into yeast strain BY7092 and SGA analysis performed using the collection of nonessential yeast knockout strains. Haploids were analyzed on synthetic complete (SC) media at 26°C, 34°C and 36°C with pinnings performed in quadruplicate. 224 double mutant strains, scored as having potential synthetic interactions in each of the screens, were manually tested for growth on YPD media at 30°C and SC media at 33.5°C, after sporulation of the diploids and germination of spore colonies on YPD. For each strain comparisons were made to the relevant single disruption strain. As shown in Table  1 , 114 genetic interactions were confirmed as either synthetic lethal or synthetic slow growth on SC or YPD media (SSL interactions). Identified genes are organized according to similarities in associated gene ontology terms. Many cellular functions are represented but the most prominent group were genes linked to membrane sorting/ protein trafficking with an emphasis on vacuolar function. An overlapping group included genes associated with cell wall biogenesis and function. Other groups identified initially were chromosomal functions, RNA processing, gene expression, metabolism and biosynthesis and mitochondrial function. A clear subgroup of a larger chromosomal functions group contained the gene encoding the alternative histone H2AZ (HTZ1) and members of the SWR1 complex, which exchange H2AZ for histone H2A within nucleosomes (for example see [10] ).
Results

SGA analysis of tra1
Before pursuing further analysis of the genes identified in the SGA screen, we wanted to eliminate those that may have arisen through indirect effects on neighboring genes. For instance, YLR111W is a dubious ORF located adjacent to CCW12 that encodes a cell wall component. Since disruption of YLR111W may simply act by affecting expression of CCW12, it was not considered in further analyses. Several other dubious ORFs were eliminated because they overlapped a second identified gene. Other pairs of adjacent genes were kgd2 and num1, spt8 and erg3, and tpm1 and eos1, though these were not removed from the analysis since potentially both could be involved in SSL interactions with tra1 SRR3413 . Table 1 is the total number of additional SSL interactions listed for each of the genes in the Saccharomyces Genome Database. It has been argued that the number of interactions may be a measure of the importance of a gene for cellular fitness [11] . The relatively large number of SSL interactions for tra1 SRR3413 may also reflect its involvement in both SAGA/SLIK and NuA4 complexes. As with any synthetic lethal analysis we can not eliminate the possibility that some of the apparent interactions are due to additive growth defects rather than a demonstration that the genes act in the same or related pathways.
Also indicated in
To identify functional relationships for tra1 SRR3413 , a hierarchal cluster analysis of SSL tra1 SRR3413 interactions was performed with the data sets of Tong et al. [11] , Measday et al. [12] , Reguly et al. [13] , Pan et al. [14] and Mitchell et al. [15] plus the SSL interactions of additional SAGA/ SLIK and NuA4 components as listed in the Saccharomyces Genome Database (Figure 1 ). tra1 SRR3413 clustered most closely to a group including arl1 0, arl3 0, gyp1 0, (Table  1 ). All encode key regulatory molecules in the processes of membrane sorting and protein trafficking [16] , and with the exception of SWF1 are GTPases of the Ras-family or regulatory proteins of these molecules. Interestingly, ric1 was first identified as a temperature sensitive allele that affected transcription of both ribosomal protein genes and rRNA [17] . Also closely associated with this group was cnb1 0, which is SSL with tra1 SRR3413 and encodes a Ca 2+ / calmodulin dependent protein phosphatase required for cell cycle regulation, stress induced gene expression and cell wall synthesis. To gain additional confidence in the apparent association of tra1 SRR3413 with the family of GTPases, the cluster analysis was repeated in the absence of these genes. In this case, tra1 SRR3413 clustered with a group containing SAGA/SLIK and NuA4 components (not shown).
Sorbitol partially suppresses defects due to tra1 SRR3413 SSL interactions with a number of genes (CCW12, CNB1, ECM30, KRE1, MNN10, ROM2, SMI1 and TOR1) that have functional links to cell wall organization and biogenesis was consistent with the calcofluor white and ethanol sensitivity of the tra1 SRR3413 strain [9] . We thus investigated the extent to which the temperature sensitivity of the tra1 SRR3413 strain results from cell wall destabilization by examining if it is suppressed by growth in media containing 1 M sorbitol. As shown in Figure 2 , sorbitol partially, but not completely, suppressed the temperature sensitive growth at 37°C of this strain (compare relative growth of tra1 SRR and TRA1 in SC with sorbitol, lower panel, and without sorbitol, upper panel), indicating that defects in cell wall function contribute to but are not exclusively responsible for the temperature sensitivity. We also examined if some of the SSL interactions were largely due to cell wall instability. mdm34 0 tra1 SRR3413 , swc3 0 tra1 SRR3413 , mon2 0 tra1 SRR3413 and cog5 0 tra1 SRR3413 were examined as representative of mitochondrial, chromosomal and membrane sorting groups. As shown in Figure   3 , growth inhibition of the mdm34 0 tra1 SRR3413 strain (at 33.5°C for this experiment in contrast to 37°C for Figure  2 ) was partially rescued by 1 M sorbitol. Slight suppression was seen for the cog5 0 tra1 SRR3413 strain, while growth of the swc3 0 tra1 SRR3413 and mon2 0 tra1 SRR3413 strains was relatively unchanged by sorbitol. The strain dependent differences in the ability of sorbitol to suppress SSL effects further establish that Tra1 has roles in multiple processes.
Connection of TRA1 to cellular stress
We were intrigued by the finding that amongst the genes showing SSL interactions with tra1 SRR3413 , 30 are annotated to stress response or autophagy (see Table 1 ). This is an underestimate as, for example, Swi4 [18] , Rps27b [19] , Caf40 [20] , Vps1 [21] and Stp1 [22] have been implicated in stress response but are not directly annotated as such. Some of the stress response genes include key signaling and regulatory molecules such as Tor1, Msk1, Cnb1, and Rom2; others have functions in protein turnover (Ubi4 and Rpn4), organization of the cytoskeleton (Tpm1 and Bem4) and DNA repair (Rad52, Ckb2, Doa1). To further examine the link between Tra1 and cellular stress response we tested the sensitivity of the tra1 SRR3413 strain to rapamycin and to staurosporine. As shown in Figure 4 , the tra1 SRR3413 strain was partially sensitive to rapamycin, and to a lesser extent staurosporine. As staurosporine results in cell wall instability through its action on Protein Kinase C [23, 24] , we also examined the tra1 SRR3413 strain for sensitivity to the combination of calcofluor white and staurosporine. The tra1 SRR3413 strain was extremely sensitive to calcofluor white in the presence of staurosporine, consistent with a role for Tra1 in events required for cell wall integrity.
Relationship of tra1 SRR3413 to other mutations in SAGA/ SLIK and NuA4 components Bruno et al. [25] have shown that deletion of the Ada2 homologue in C. albicans results in sensitivity to cell wall destabilizing agents. In addition, both SAGA/SLIK and Hierarchal cluster analysis of tra1 SRR3413 SSL interactions Figure 1 Hierarchal cluster analysis of tra1 SRR3413 SSL interactions. Agglomerative hierarchical clustering based on the average linkage of uncentered correlations using CLUSTER 3.0 software [50] was performed on the profile obtained with the tra1 SRR3413 strain and the combined data sets of Tong et al. [11] , Measday et al. [12] , Reguly et al. [13] , Pan et al. [14] , Mitchell et al. [15] and including SSL interactions of additional SAGA/SLIK and NuA4 components as listed in the Saccharomyces Genome Database. Only the profiles clustering close to tra1 SRR3413 are shown.
Sorbitol partially suppresses slow growth at 37°C due to tra1 SRR3413 Figure 2 Sorbitol partially suppresses slow growth at 37°C due to tra1 SRR3413 . Yeast strains CY2222 (tra1 SRR3413 ) and BY7092 (TRA1) were grown overnight to saturation in YPD at 30°C. Cells were diluted to approximately 1000 cells per μl and 10 μl of 10-fold serial dilutions spotted on synthetic complete media containing 2% glucose without (SC) or with 1.0 M sorbitol. Cells were grown for 4 days at 37°C.
NuA4 have been suggested to be involved in stress response based upon the transcription profiles of deletion strains [26, 27] . As some of the genetic interactions and phenotypes of the tra1 SRR3413 strain may result from a SAGA/SLIK or NuA4-dependent inability to induce stress response genes, we analyzed staurosporine, calcofluor white, calcofluor white plus staurosporine and rapamycin sensitivity in strains deleted for additional components of these complexes ( Figure 5 ). The effect of tra1 SRR3413 under each of these conditions is similar to, though slightly less severe than, that seen upon deletion of the ada genes (ada2, ngg1/ada3 and gcn5/ada4) of the SAGA/SLIK complexes. Interestingly, despite the fact that deletion of spt7 results in disruption of the complexes, spt7 0 results in less of an effect on rapamycin and calcofluor white than deletion of the ada genes, suggesting a potential role for an independent Ada complex [28] . This similarity between the ada genes and tra1 SRR3413 is also consistent with our previous finding that the expression profile in the tra1 SRR3413 strain most closely resembled deletion of ada2 [9] . Less similarity was seen in the phenotypes with NuA4 components though deletion of yaf9 and eaf7 did lead to reduced growth in calcofluor white plus staurosporine containing media and deletion of yaf9 resulted in a slight reduction of growth in media containing rapamycin.
GFP-tagged Tra1 localizes to nucleus
The requirement for an intact C-terminal FATC domain [1] has meant that Tra1 localization has not been tested in genome-wide screens. Localization of Tra1 to sites outside the nucleus potentially could account for the broad range of genetic interactions seen for the molecule. To examine cellular localization, we engineered an N-terminally GFPtagged allele of TRA1 that is functional as determined by plasmid shuffling assays (not shown). As shown in Figure  6 , the pattern of GFP-Tra1 distribution was very similar to that of the SAGA/SLIK component Ngg1/Ada3 and coincided with DAPI staining within the nucleus ( Figure 6) . A low level of fluorescence was apparent throughout the cell, making it difficult to fully exclude that lesser amounts exist in other compartments; however, GFP-Tra1 was not in foci other than the nucleus.
Discussion
Identification of the SSL interactions for the tra1 SRR3413 allele has provided insights into the function of this molecule. The genes identified link Tra1 to many cellular functions including membrane sorting/protein trafficking, cell wall biogenesis/function, RNA processing, gene expression and mitochondrial function. The number of genetic interactions identified for tra1 SRR3413 is likely due to its function in two key cellular regulatory complexes, SAGA/SLIK and NuA4.
The finding that the SSL profile for tra1 SRR3413 does not share greater similarity with mutations of other SAGA/ SLIK and NuA4 components agrees with our previous observations that these strains differ in their transcription profiles, effects on telomere length and sensitivity to the DNA damaging agent methylmethanesulfonate [9] . These differences may arise from the integrative effects of disturbing both complexes and/or the possibility that Tra1 has a unique function. While differences are apparent, we do note that if the cluster analysis is performed in the absence of the arl1 0, arl3 0, gyp1 0, ric1 0, ypt6 0 and swf1 0 group, the SSL profile for tra1 SRR3413 clusters most closely with SAGA/SLIK and NuA4 components (not shown). In addition, as seen by the common sensitivity to ethanol and calcofluor white plus staurosporine, several of the tra1 SRR3413 phenotypes are similar to deletions of the ada genes.
Nuclear function SAGA/SLIK and NuA4 are nuclear complexes and indeed we have found Tra1 to be predominately, if not exclusively, localized in the nucleus. As an essential component of two histone-modifying complexes, it is not surprising that approximately 40 of the SSL interactions are with genes annotated principally as having roles in nuclear Growth of tra1 SRR3413 double mutant strains in sorbitol Figure 3 Growth of tra1 SRR3413 double mutant strains in sorbitol. Strains containing the indicated single disruptions (mdm34, swc3, cog5 and mon2) and combinations with tra1 SRR3413 (tra1) were generated by sporulation of diploids obtained from SGA analysis. These strains plus CY2222 (tra1 SRR3413 ) and BY7092 (TRA1) were grown overnight to saturation in YPD at 30°C. Cells were diluted to approximately 2000 cells per μl and 5 μl of 10-fold serial dilutions spotted on synthetic complete media containing 2% glucose without (SC) or with 1.0 M sorbitol. Cells were grown for 3 days (upper grouping) or 2 days (lower grouping) at 33.5°C.
Growth of the tra1 SRR3413 strain under conditions of cellular stress Figure 4 Growth of the tra1 SRR3413 strain under conditions of cellular stress. Yeast strains BY7092 (TRA1) and CY2222 (tra1 SRR3413 ) were grown overnight to saturation in YPD at 30°C. 5 μl of 10-fold serial dilutions were spotted onto synthetic complete media containing 2% glucose (SC) or with the addition of 2 nM rapamycin, 2 μg/ml staurosporine (stauro), 7.5 μg/ml calcofluor white (CW), or 2 μg/ml staurosporine plus 7.5 μg/ml calcofluor white (CW stauro). Cells were grown for 3 days on SC and 5 days on selective plates, at 30°C.
Phenotypic comparison of tra1 SRR3413 with deletions of SAGA/SLIK and NuA4 components Figure 5 Phenotypic comparison of tra1 SRR3413 with deletions of SAGA/SLIK and NuA4 components. Yeast strains BY3534 (ngg1 0), BY4741 (wild-type background for deletion strains), BY7285 (gcn5 0), BY4282 (ada 0), BY3281 (spt7 0), BY4240 (yaf9 0), BY2940 (eaf7 0), BY7092 (TRA1) and CY2222 (tra1 SRR3413 ) were grown overnight to saturation in YPD at 30°C. Cells were diluted to approximately 2000 cells per μl and 5 μl of 10-fold serial dilutions spotted on synthetic complete media containing 2% glucose (SC), with 2 μg/ml staurosporine (ST), 7.5 μg/ml calcofluor white (CW), or 2 μg/ml staurosporine plus 7.5 μg/ml calcofluor white (CW ST) or YPD with 2 nM rapamycin (RAP). SC and ST were grown for 2 days at 30°C, CW and CW ST for 3 days, and RAP for 4 days. For the rapamycin image, TRA1 and tra1 SRR were grown on a separate plate.
function or gene expression. Some of these genes (for example: pub1, pml39 and sky1) are involved with RNA processing, export or stability perhaps reflecting a role for the SAGA complex at the nuclear pore [29] . Another clear subset of SSL interactions includes genes of the SWR1 complex and htz1. In this case the relationship with tra1 SRR3413 almost certainly reflects their combined importance in determining chromatin structure and their resulting influence on transcription and/or DNA repair. Supporting this argument, SSL interactions have been observed between many components of SAGA and NuA4 with htz1 and SWR1 complex genes [30] . Similarly the interaction of tra1 SRR3413 with rad52 may relate to the function of the NuA4 complex in DNA repair.
Membrane processes
The association of SAGA/SLIK and NuA4 components with membrane processes has been noted previously. Gcn5 and Spt20 are required for the unfolded protein response [31, 32] . A strain with deletion of eaf1/vid21 (Vacuolar Import Degradation) was identified in a screen for defects in sorting of carboxypeptidase Y to the vacuole [33] and results in sensitivity to ethanol [34] . In addition, Eaf1 interacts with Vac8, which is required for several aspects of vacuolar function [35] . eaf3, eaf5, eaf7, eaf1/ vid21 and yaf9 were identified as Opi -mutants that result in overproduction of inositol, though not through direct repression of INO1 [36] . Mitchell et al. [15] have observed SSL interactions of nonessential NuA4 components with proteins involved in membrane sorting/protein trafficking. They find that deletion the NuA4 component genes leads to defects in vacuolar morphology and similar to what we suggest for the phenotypic effects of tra1 SRR3413 , predict that the vacuolar defects arise from changes in gene expression.
Mitochondrial function
Fifteen genes annotated to have links to mitochondrial function were identified in the screen. This may relate to the possible involvement of the SLIK complex in the retrograde response pathway [37] . Interestingly this pathway GFP-Tra1 is found predominately in the nucleus Figure 6 GFP-Tra1 is found predominately in the nucleus. Yeast strain BY4741, expressing either GFP, GFP-Ngg1 or GFP-Tra1 from a URA3-centromeric plasmid was grown in synthetic complete media, stained with DAPI and examined by fluorescence microscopy. BF, bright field.
links mitochondrial metabolism with stress response, signaling the expression of genes that provide required biosynthetic precursors during mitochondrial dysfunction, which results in the loss of tricarboxylic acid cycle activity [38] .
Stress response
Included in the tra1 SRR3413 SSL genes are greater than 30 related to cellular stress or stress response. Genetic interactions for tra1 SRR3413 with molecules related to cellular stress is consistent with the transcription profiles of strains containing deletions of SAGA/SLIK and NuA4 components [26, 27] as well as the calcofluor white, ethanol, rapamycin and temperature sensitivity of the tra1 SRR3413 strain. An aspect of the involvement of Tra1 in stress likely includes a role in the cell wall integrity response pathway as indicated by the calcofluor white sensitivity and interactions of the tra1 SRR3413 SSL profile with molecules required for membrane sorting/protein trafficking and cell wall components (for example, Kre1 and Ccw12). The processes identified with Tra1 in many ways resemble those seen with Tor1, which as well as its initially defined role in integrating nutrient status with growth, has been genetically and functionally linked to membrane sorting/ protein trafficking, cytoskeletal events, microautophagy and to cell well integrity [39] [40] [41] [42] [43] .
The simplest interpretation of a possible link between Tra1 and stress is to suggest that Tra1 is involved in the expression of stress response genes or genes whose lack of expression results in stress. Consistent with this, in YPD media seventeen genes with an annotation or description indicative of an involvement in stress response have decreased expression of two-fold or greater in a tra1 SRR3413 background ( [9] , Table 2 ). Many of these genes function in the response to oxidative stress but their exact role in determining phenotype is likely complex given that the tra1 SRR3413 strain is not sensitive to the oxidizing agent tert-butylhydroperoxide and genes typically elevated in response to stress are not found induced in the tra1 SRR3413 strain.
We previously demonstrated that tra1 SRR3413 results in a generation dependent telomere shortening that is not characteristic of other SAGA/SLIK or NuA4 components. Fifteen of the genes with SSL interactions with tra1 SRR3413 also show telomere shortening [44] . In many cases direct telomeric functions for these molecules have not been described but like tra1 SRR3413 , they display slow growth in response to ethanol, calcofluor white or rapamycin. This suggests the possibility that shortened telomeres in the tra1 SRR3413 strain is the result of a similar indirect mechanism rather than direct action at the telomere.
Conclusion
Through the identification of synthetic sick/lethal interactions with tra1 SRR3413 we have demonstrated a genetic association of Tra1 not only with nuclear processes but also with membrane events and mitochondrial function. The identity of the SSL genes also connects Tra1 with cellular stress, a result confirmed by the sensitivity of the tra1 SRR3413 strain to a variety of conditions that result in a stress response. The transcription profile and SSL interactions indicate that the functions of Tra1 can not simply be SRR3413 were obtained by tetrad dissection of diploids generated from the SGA analysis. Strains were spotted in ten-fold serial dilutions on synthetic complete media containing 2 nM rapamycin (LC Laboratories, Woburn Ma), 7.5 μg/ml calcofluor white (Sigma-Aldrich Canada, Oakville Ontario), 2 μg/ml staurosporine (LC Laboratories), calcofluor white plus staurosporine, or 1.0 M sorbitol. Growth was also compared on synthetic complete media containing 1% potassium acetate and 0.05% glucose as the carbon source.
GFP fusion protein and microscopy
A URA3 centromeric plasmid that allowed expression of GFP fusions was engineered by inserting a BamHI-NotI fragment of the PCR product synthesized using oligonucleotides 5'-ATGCGGATCCACAATGGTGAGCAAG-GGCGAGG-3 and 5'-TTTTCCTTTTCCGGCCGCCTTGTACAGCTCGTCCATG-3' as primers and pEGFP-N1 (Clontech Laboratories, Inc.) as template to replace the tags of YCpDed-TAP-Flag [9] . TRA1 and NGG1 were inserted into this vector as NotI-SstI fragments from YCpDed-TAP-Flag-TRA1 (9) and YCpDed-myc-NGG1 [47] , respectively. Fluorescence microscopy was performed as described by Brachat et al. [48] with minor modification. Yeast expressing GFP-tagged proteins were grown in SC media lacking uracil at 30°C. At A 600~0 .8, 4',6-diamidino-2-phenylindole (DAPI) was added to a final concentration of 5 μg/ml and the cells incubated at 30°C for an additional 1-2 hr. Cells from 1 mL of the culture were pelleted, resuspended in 100 μL SC media, immobilized between a microscope slide and cover slip in SC media containing 0.7% agarose and observed using a Zeiss Axiovert 25 fluorescent microscope under 400× magnification. Images were captured, autoequalized, colorized and merged using Northern Elite software (Empix Imaging, Inc.).
Systematic genetic-array analysis SGA analysis with yeast strain CY2222 was performed as described by Tong and Boone [49] . Each strain was pinned in quadruplicate with strains analyzed on synthetic media at 26°C, 34°C and 36°C. Diploids of those strains showing slow growth at all temperatures were sporulated and subjected to tetrad dissection on YPD plates. When viable, the growth of single and double disruptions of the relevant gene were compared to CY2222 on YPD plates at 30°C and synthetic complete plates at 33.5°C. Agglomerative hierarchical clustering based on the average linkage of uncentered correlations using CLUSTER 3.0 software [50] was performed on the profile obtained with the data sets of Tong et al. [11] , Measday et al. [12] , Reguly et al. [13] , Pan et al. [14] and Mitchell et al. [15] , as compiled by Mitchell et al. [15] . SSL interactions, as listed in the Saccharomyces Genome Database (March 2008), of additional components of SAGA/SLIK and NuA4 complexes were also included in the analysis.
